The kinetics of synthesis of ribosomal, nonribosomal, and total protein, and of ribosomal ribonucleic acid (RNA), were measured in Escherichia coli during a shiftup involving a doubling of specific growth rate. The increase in ribosomal protein synthesis was not accompanied by a corresponding decrease in non-ribosomal protein synthesis. Thus, the average rate of protein synthesis per ribosome increased after the shift. The increase did not occur by an increase in polypeptide chain growth rates. The average growth periods of ribosomal and nonribosomal proteins did not change after a shift, and were constant in cells in balanced growth over a wide range of specific growth rates. The average growth period for ribosomal protein was twice that for nonribosomal protein. The fraction of ribosomes in polyribosomes was found to increa3e after the shift, accounting for the increase in ribosomal protein synthesis and in protein synthesis per ribosome. These results show that ribosomal protein synthesis is regulated by control of initiation of either transcription or translation of ribosomal protein messenger RNA, by some means other than availability of free ribosomes. If the messenger for ribosomal protein is ribosomal RNA, the conclusions can be extended to apply to regulation of ribosomal RNA synthesis. In support of this, it is shown that ribosomal RNA and ribosomal protein synthesis are closely coordinated during a shift.
The ratio of ribosomes to protein in bacterial cells in balanced growth is approximately a linear function of specific growth rate (2, 7) . This observation implies that the rate of protein synthesis per ribosome is constant and independent of the specific growth rate of the cell, and thus of the total rate of protein synthesis. Thus, during a shift to a higher specific growth rate, a cell increases its content of ribosomes, permitting an increase in its rate of protein synthesis. The increase in the rate of synthesis of ribonucleic acid (RNA; 8) and mature ribosomes (13) occurs within 1 to 2 min after the shift. Since the pool of ribosomal protein is small (23) , the rate of synthesis of ribosomal protein must also increase in parallel with the increase in ribosomal RNA (rRNA). The majority of the RNA synthesized during a shift is rRNA (16) , and the expected increase in the rate of ribosomal protein synthesis has been shown to occur (17, 23 6H,O, 0.025; Na2S0,, 0.1; and NH4Cl, 0.8. The pH of the medium is 6.9 to 7.0. This will be referred to as "minimal medium." "Supplemented medium" is minimal medium plus (in milligrams per liter): L-aspartic acid and L-glutamic acid, 50.0; L-leucine, 10.0; 18 other L-amino acids, each 20.0; adenosine, guanosine, thymidine, and cytidine, each 20 Measurement of specific growth rates. Specific growth rates were calculated from the equation: k = (lnx -ln-xo)/(t to) (1) in which k is the specific growth rate, hr-1, and x and xo are the values of the measured extensive parameter of the population at times t and to.
Dry weight specific growth rates were determined by measurement of OD at 600 nm. Specific rates of increase of total protein and total RNA were determined colorimetrically, and by measurement of specific radioactivities as described below. The corrected values of SI were used to compute the specific growth rates of these components shown in Table 1 . The correction factors for SI of the various components determined in this experiment were used in all experiments reported in this paper.
The method of measurement of specific growth rates by measurement of specific radioactivities is thus both precise and accurate. The precision decreases with increasing specific activity; thus, precise measurements are obtained only over two doublings of a component at most. Some theoretical difficulties which could be raised do not, in practice, appear to lead to any detectable error. The specific activity of ribosomal protein, for instance, probably includes a contribution from nascent proteins bound to the ribosomes. The rapid labeling of messenger RNA could likewise lead to errors in the measured kinetics of RNA synthesis. However, if the labeled precursors are added at least 5 min before beginning measurements, both of these will contribute a constant addition to specific activity during the experimental period and can be readily corrected for if necessary.
Calculation of hypothetical kinetics of synthesis of rRNA, ribosomal protein, and nonribosomal protein.
Since the ratio of ribosomes to deoxyribonucleic acid (7) . Thus, the assumption that the ratio of nonribosomal protein to DNA is constant will be a reasonable approximation. Then, from equation 3, dRP/dt = a2k2.p (4) and, similarly, dR/dt =a3 k2'P (5) in which P is nonribosomal protein, R is rRNA, a2 is a constant equal to a, * DNA/P, and a3 is a constant equal to a2* R/RP.
Assume now that both the polypeptide chain growth rate and the fraction of ribosomes engaged in nonribosomal protein synthesis are independent of specific growth rate and constant. Then, dP/dt = 31.RP (6) = 02. R
where 8, and 2 are constants. Equations 4 and 6 together, and equations 5 and 7 together, form examples of Hinshelwood's (4) "autosynthetic" system and can readily be solved for RP, R, and P. The values of the constants involved in the solutions were obtained from the measurements of RNA and protein contents of cells in balanced growth in the various media used in this work. Solutions for the experimental shifts are represented by the solid lines in Fig. 2, 3 , and 4. If the conditions of equations 6 and 7 are modified to assume that the fraction of iibosomes engaged in total protein synthesis is constant, then the dashed lines in Fig. 3 and 4 are obtained.
Measurement of average polypeptide chain growth periods. The method used was based on that of Lacroute and Stent (11) , in which the polypeptide chain growth period is defined as the time elapsed between the laying down of the NH2-terminal amino acid of a polypeptide and the appearance of that polypeptide in completed protein. 14C-L-Alanine (0.5 ug/ml, 0.2 pclug) was added to a culture growing at a cell density of 90 to 100 ,ug/ml. Samples were taken for the preparation of cell fractions at intervals during the period from 50 to 200 sec after addition of 14C-alanine. Alanine was chosen as the label because it forms a major fraction of the NH2-terminal amino acids of both ribosomal and nonribosomal protein in E. coli (26, 27) . Heavier labeling of NH2-termini could have been obtained by using 14C-methionine, but the results would have been confused by the existence of two pools of methionyl-transfer RNA, one specifically involved in polypeptide chain initiation (15) . The addition of L-alanine to cultures in balanced growth was found to produce no disturbance of the steady state. "Completed" ribosomal and nonribosomal proteins were defined in this study as those obtained in the complete fractionation protocols described above. In the case of ribosomal proteins, omission of the ammonium sulfate fractionation and subsequent steps produced no significant change in the results obtained. The time of laying down of the first 4C-labeled NH2-terminal alanine was taken as the time at which a plot of specific radioactivity (counts per minute per microgram of protein) of total 14C-alanine in ribosomal and nonribosomal protein extrapolated to zero. The time of appearance of the first "4C-labeled NH2-terminal alanine in completed protein was determined in the same way from a plot of specific radioactivity of NH2-terminal 14C-alanine (NH2-terminal counts per minute per microgram of protein). It can be seen from equation 2 that a plot of specific radioactivity versus time should be very close to linear during a period of 200 sec after addition of label. The NH2-terminal specific radioactivity might be expected to deviate from a linear function of time due to the undoubtedly heterogeneous chain lengths of the proteins of the ribosomal and nonribosomal fraction. However, it can be demonstrated that, for a sample of proteins having a distribution of growth periods with a standard deviation equal to or less than half the mean growth period, specific radioactivity of NH2-terminal amino acids will increase as a linear (within 1%) function of time after a time equal to approximately twice the mean growth period. The linear function extrapolates to zero specific radioactivity at a time equal to the mean growth period.
Thus linear regression of specific radioactivities of total and NH2-terminal "4C-alanine, measured on samples taken between 50 and 200 sec after addition of label, will estimate the times of initiation and completion of the protein of mean molecular weight. Thus, the mean polypeptide growth period and its standard deviation can be estimated. The NH2-terminal amino acids were isolated as dinitrophenyl (DNP) derivatives (21) . To 4 ml of the purified ribosomal or nonribosomal protein sample in a 50-mil centrifuge tube, 1 ml of 2% DL-alanine and 1 mg of bovine serum albumin were added as carriers. The protein was precipitated by addition of 1.5 ml of 50% trichloroacetic acid and was collected by centrifugation at 12,000 X g for 10 min. After resuspension in 10 ml of acetone, the precipitate was collected again by centrifugation and was dissolved in 1 ml of 8 M urea, 0.015 ml of 1 N NaOH, and 0.2 ml of 5% NaHCOs. Fluorodinitrobenzene (2 ml of a 5% solution in absolute ethyl alcohol) was added, and the mixture was shaken at 37 C for 2 hr. The DNPproteins were precipitated with 0.2 ml of concentrated HCl and 7 ml of acetone, transferred quantitatively to a 15-ml conical centrifuge tube, collected by centrifugation at 7,000 X g for 15 min, and washed twice more with 10 ml of acetone plus 0.1 ml of concentrated HCI. After being dissolved in 0.5 ml of concentrated HCl, the DNP-proteins were hydrolyzed by heating at 100 C for 4 hr, the tube being capped with a marble. DNP-alanine (2.5 pg) and 1.5 ml of water were added, and the DNP-amino acids were extracted with 3 X 5 J. BACrERIOL. ml of ether. The combined ether extracts were washed twice with 1 ml of 0.01 N HCI, transferred to scintillation vials, evaporated to dryness, and counted. Recovery of total alanine after hydrolysis was measured in all samples, and was between 50 and 60%. Quenching by DNP was measured on some samples, and was always less than 1%.
Estimation of the fraction of ribosomes in polyribosomes. For this purpose, cell suspensions were prepared and lysed by the method of Godson and Sinsheimer (3), followed by five cycles of, freezing and thawing. Their lysis mixture was modified to contain 0.06 M KCI (final concentration). The fraction of ribosomes in polyribosomes was estimated as described by Schaechter et al. (22) , with the useof a Beckman model E analytical ultracentrifuge equipped with schlieren optics. To 0.5 ml of lysate, 0.05 ml of TM buffer containing 10 ug of pancreatic ribonuclease per ml was added. To a second 0.5-ml sample was added 0.05 ml of TM 
RESULTS
Characteristics of the shift. Increases in dry weight, total RNA, and total protein during a typical shift from glycerol-minimal to glycerolsupplemented medium are shown in Fig. 1 . Table  2 shows steady-state specific growth rates before and after the shifts in three experiments, and the radioactive compounds used in each case.
Ribosomal protein and rRNA synthesis during the shift. Immediately after the shift, the specific rates of synthesis of ribosomal protein and rRNA both increased by three to four times, and then slowly decreased to the value characteristic of growth in glycerol-supplemented medium (Fig. 2) .
The kinetics of increase of ribosomal protein and rRNA are consistent with results reported by others (6, 16, 23) . The striking feature of the results is the closely coordinated synthesis of ribosomal protein and rRNA.
Nonribosomal and total protein synthesis. If the rate of protein synthesis per ribosome remains constant, the specific rate of nonribosomal protein synthesis will decrease immediately after the shift, because of the increase in ribosomal protein synthesis. The specific rate of total protein synthesis will in this case increase only in proportion to the increase in the ratio of ribosomes to protein. The kinetics of nonribosomal and total protein synthesis expected on this basis are shown as curves A in Fig. 3 and 4 .
If the rate of protein synthesis per ribosome increases after the shift sufficiently to produce the increase in ribosomal protein synthesis, the kinetics of increase of nonribosomal protein will be the same as described for total protein above. This is shown as curves B in Fig. 3 . The specific rate of total protein synthesis will then increase immediately after the shift (Fig. 4, curves B) .
The results in Fig. 3 and 4 show clearly that the increase in rate of ribosomal protein synthesis does not occur at the expense of a decrease in rate of nonribosomal protein synthesis. Likelihood ratios for the two cases were calculated for the results of each experiment, and values of 1010 to 1020 were obtained in favor of this interpretation. The rate of protein synthesis per ribosome must therefore increase almost immediately after the shift.
Polypeptide chain growth periods. This increase does not occur by an increase in the polypeptide chain growth rate of either ribosomal or nonribosomal protein. The mean polypeptide growth periods are not significantly different when measured during balanced growth in glycerolminimal medium, 10 min after a shift from glycerol-minimal to glycerol-supplemented medium, or during balanced growth in glycerol-supplemented medium (Fig. 5, Table 3 ).
Polypeptide growth periods measured during balanced growth in glucose-minimal and glucosesupplemented medium were not significantly different from each other or from those measured in the glycerol medium ( Table 3 ). The polypeptide chain growth rates of both ribosomal and nonribosomal protein are thus independent of the rate of total protein synthesis within the limits of error of the method used for measurement, both in balanced growth and during a shift.
Fraction of ribosomes in polyribosomes. The rate of protein synthesis per ribosome could increase by an increase in the fraction of ribosomes engaged in protein synthesis. It seems reasonable to assume that this can be measured, at least approximately, by measurement of the fraction of ribosomes in polyribosomes. Two experiments were performed in which a culture in balanced growth in glycerol-minimal medium was sampled for polyribosome measurement just before shifting to glycerol-supplemented medium, and 5 min after the shift in one experiment and 10 min after in the second. Under the conditions used for lysis and analysis (0.06 M K+, 0.01 M Mg++), free ribosomes should sediment mainly as 70S particles (9, 18) , whatever their state in vivo. 
REGULATION OF RIBOSOMAL PROTEIN SYNTHESIS
This is shown by the tracings of typical schlieren diagrams in Fig. 6 . The sedimentation coefficient of the major peak, corrected to 20 C neglecting the effects of solutes, was 60 to 65S, and is assumed to contain the 70S ribosomal particles. The 50S particles were resolved from the trailing edge of the 70S peak on further centrifugation, and amounted to less than 10% of the total ribosomal material. All the material sedimenting at >70S was degraded by 1 jug of ribonuclease per 
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Minutes after shift FIG. 1 . Kinetics of dry weight (A), total protein (0), and total RNA (0) increase after a shift from balanced growth in glycerol-minimal medium to glycerol-supplemented medium. Protein and RNA were determined colorimetrically. Shift was made at 0 min.
Data from experiment II( Table 2) . Table 2 . The solid lines are not drawn to fit the experimental points, but are hypothetical functions whose derivation is explained in the text.
ml and appeared as 70S particles, since the total area under the peaks sedimenting at >50S was the same in the ribonuclease-treated and untreated samples, and no sgnificant change occurred in the 50S peak. Thus, the material sedimenting at >70S must be polyribosomes. Just before the shift, during balanced growth in glycerol minimal medium, the fraction of ribosomes in polyribosomes was 38 2% in one experiment 35 4 2% in the other. At 5 min after the shift, 57 2% of the ribosomes were in polyribosomes; 10 min after, the value was 55 4 1%. Thus, within 5 min after the shift, the fraction of ribosomes in polyribosomes increased by 50%.
DISCUSSION
It is shown here that after a shift-up the rate of ribosomal protein synthesis almost immediately increases, without a corresponding decrease in synthesis. Thus (20, 25) , and agree with the conclusions medium, measured by increase in specific radioactivity.
The Roman numerals refer to the three experiments Maaloe d rawn from the present work.
listed in Regulation of ribosomal protein and rRNA synthesis. The data presented in this paper allow some conclusions to be drawn regarding the general nature of the mechanism of regulation of ribosomal protein and rRNA synthesis. First, it is necessary to show that during a shift these regulatory mechanisms do operate. It is possible, for instance, that after a shift the rates of ribosomal protein and rRNA synthesis are maximal and unregulated.
The functions represented by the solid lines of Fig. 2 are calculated on the assumption that the rates of ribosomal protein and rRNA synthesis per genome characteristic of growth in the postshift medium are attained immediately after the shift and maintained thereafter. The experimental points fit these functions within the limits of error. Thus, there seems little doubt that the rate of synthesis of ribosomal protein and rRNA is regulated during the shift.
The mechanism of regulation of ribosomal protein operates to control the number of growing chains, rather than their rate of elongation. It must therefore operate through control of initiation of either transcription or translation of the ribosomal protein messenger RNA, modulated by some cytoplasmic factor other than the concentration of free ribosomes. Various mechanisms operating within this definition could be proposed, such as the direct regulation of initiation of transcription by the RNA polymerase factor of Burgess et al. (1) or regulation of initiation of translation by the control of dissociation of 70S ribosomes to subunits (9) . Other possibilities could be suggested, but the present results allow no distinction to be made between them.
The results presented here allow some conclusions to be drawn regarding the regulation of RNA synthesis. First, Stent's (24) 
